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Introduction
Good morning, Chairman Greenwood and members of the Subcommittee.  I am Thomas R. Karl,
Director of NOAA’s National Climatic Data Center.  I was invited to appear today because I was one
of the three Co-Chairs of the Report of the National Assessment Synthesis Team (NAST).  The
Synthesis Team was a committee of experts drawn from governments, universities, industry, and non-
governmental organizations which had responsibility for broad oversight of the National Assessment
entitled “Climate Change Impacts on the United States — The Potential Consequences of Climate
Variability and Change.”   I am very pleased to have this opportunity to present testimony regarding the
basis for the scenarios of 21st century climate used in the National Assessment.

The purpose of the Assessment was to synthesize, evaluate, and report on what we presently know
about the potential consequences of climate variability and change for the United States in the 21st

century. It emphasized key potential climate vulnerabilities of particular regions of the nation and of
particular sectors, and provided a number of adaptation measures to reduce the risk, and maximize
the potential benefits and opportunities of climate change, whatever its cause.  The National
Assessment was conducted from 1997 to 2000 and was our first attempt to generate climate
scenarios for various regions and sectors across the United States.  It was based on the considerable
scientific progress that has been made since 1990, but substantial uncertainties remain. For example,
various global climate models project significantly different temperature profiles: from
approximately 1 degree Celsius by the year 2100, to more than 4 degrees Celsius during the same
period.   This unresolved scientific uncertainty in global climate models both at global and regional
scales had a major impact on developing climate scenarios used the National Assessment. 
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As a basis for the National Assessment, and in the context of the uncertainties inherent in looking
forward 100 years, the NAST pursued a three-pronged approach to considering how much the climate
may change.  The three approaches involved use of: (1) historical data to examine the continuation of
trends or recurrence of past climatic extremes; (2) comprehensive, state-of-the-science, model
simulations to provide plausible scenarios for how the future climate may change; and (3) sensitivity
analyses that can be used to explore the resilience of societal and ecological systems to climatic
fluctuations and change.  Of particular interest for this hearing is the second of these approaches, and
that is where I will focus my remarks.  As a pretext however, I note that the Key Findings in the National
Assessment rest on a combination of these approaches.         

Developing Model-based Scenarios for the 21st Century

Projecting changes in factors that influence climate
Because future trends in fossil fuel use and other human activities are uncertain the
Intergovernmental Panel on Climate Change (IPCC) has developed a set of scenarios for how the
21st century may evolve.  These scenarios consider a wide range of possibilities for changes in
population, economic growth, technological development, improvements in energy efficiency and
the like.  The two primary climate scenarios used in the National Assessment were based on a mid-
range emission scenario used in the second IPCC report.  This scenario assumes no major changes in
policies to limit greenhouse gas emissions. Other important assumptions in the scenario are that by
the year 2100:

• world population is projected to nearly double to about 11 billion people;
• the global economy is projected to continue to grow at about the average rate it has been

growing, reaching more than ten times its present size;
• increased use of fossil fuels are projected to triple CO2 emissions and raise sulfur dioxide

emissions, resulting in atmospheric CO2 concentrations of just over 700 parts per million;
and

• total energy produced each year from non-fossil sources such as wind, solar, biomass,
hydroelectric, and nuclear are projected to increase to more than ten times its current amount,
providing more than 40% of the world’s energy, rather than the current 10%.

There are a number of other important factors besides fossil fuel emissions that cause climate to
change and vary.  These were not part of the scenario used to drive climate change in the two
primary models used in the National Assessment, because at the time of the National Assessment
these simulations were not available.  Figure 1 depicts the magnitude of these other climate forcings
that were omitted from the emission scenario.  Clearly, the two largest forcings are those related to
increases in greenhouse gases and aerosols, both included in the two primary models used in the
National Assessment.   The addition of other forcings are an important consideration for
improvement of future assessments, in particular a more thorough treatment of land vegetative
feedback effects which become quite important on local and regional space scales compared to
global scales, e.g., the urban heat island.  
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Which models to use?
The NAST developed a set of guidelines to aid in narrowing the set of primary model simulations to
be considered for use by the Assessment teams.  This helped ensure a degree of consistency across
the broad number of research teams participating in the Assessment.  These guidelines included
various aspects related to the structure of the model itself, the character of the simulations, and the
availability of the needed results. Specifically this meant that the models must, to the greatest extent
possible:

• be coupled atmosphere-ocean general circulation models that include comprehensive
representations of the atmosphere, oceans, and land surface, and the key feedbacks affecting
the simulation of climate and climate change;

• simulate the evolution of the climate through time from at least as early as the start of the
detailed historical record in 1900 to at least as far as into the future as the year 2100 based on
a well-understood scenario for changes in atmospheric composition that takes into account
time-dependent changes in greenhouse gas and aerosol concentrations;

• provide the highest practicable spatial and temporal resolution (roughly 200 miles [about 300
km] in longitude and 175 to 300 miles [about 275 to 425 km] in latitude over the central
US);

• include the diurnal cycle of solar radiation in order to provide estimates of changes in
minimum and maximum temperature and to be able to represent the development of
summertime convective rainfall;

• be capable, to the extent possible, of representing significant aspects of climate variations
such as the El Niño-Southern Oscillation cycle;

• have completed their simulations in time to be processed for use in impact models and to be
used in analyses by groups participating in the National Assessment;

• be models that are well-understood by the modeling groups who participated in the
development of the Third Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) in order to ensure comparability between the US efforts and those of the
international community;

• provide a capability for interfacing their results with higher-resolution regional modeling
studies (e.g., mesoscale modeling studies using resolutions finer by a factor of 5 to 10); and

• allow for a comprehensive array of their results to be provided openly over the World Wide
Web.
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Including at least the 20th century in the simulation adds the value of comparisons between the
model results and the historical record and can be used to help initialize the deep ocean to the correct
values for the present-day period.  Having results from models with specific features, such as
simulation of the daily cycle of temperature, which is essential for use in cutting edge ecosystem
models, was important for a number of applications that the various Assessment teams were
planning.  

At the time of the National Assessment only two models, the Canadian Climate Centre Model and
the United Kingdom’s Hadley Centre model, were able to satisfactorily meet these criteria. Today
however, if the Assessment were repeated with the same criteria, several more models would meet
these criteria, including modeling efforts in the USA.  

The use of observations
Observations were an essential part of developing climate scenarios for the 21st century in the
National Assessment.  Reliance on model simulations provides only a limited opportunity to
investigate the consequences of climate variability and change.  To minimize this limitation, in the
National Assessment the historical record was used  to help determine regional and sector specific
sensitivities to climate changes and variations of differing, but contextual realistic changes. 

The observations were also used to understand how the models simulated present and past climate
(see Figure 2), and to correct a number of model biases.  While climate models have shown
significant improvement over recent decades, and the models used in the National Assessment were
among the world’s best, there were a number of shortcomings in applying the models to study
potential regional-scale consequences of climate change.  In the National Assessment, several
methods were used to address these problems.  Most importantly, the output from the primary
models (the Hadley and Canadian) for temperature and precipitation were passed through a set of
standardization processing algorithms to re-calibrate the model simulations with the observations. 
This is especially important in areas of complex terrain such as mountainous regions of the West
were model resolution was insufficient to adequately resolve detailed small scale climate
characteristics.  The processing procedure accounted for at least some of the shortcomings and
biases in the models.  So, the model scenario results used in the impact assessments were often
adjusted to remove the systematic differences with observations that were present in the model
simulations.  Such a procedure is similar to what is now being implemented in daily weather
forecasting, where actual model projections are not used, but rather the historical statistical and
dynamical relationships between the weather model forecasts and actual observations are used to
generate local weather forecasts.   This adjustment process is fully described in the foundation report
of the National Assessment. 

In addition, some of the regional teams applied other types of “down-scaling” techniques to the
climate model results in order to derive estimates of changes occurring at a finer spatial resolution. 
One such technique has been to use the global climate model results as boundary conditions for
mesoscale models that cover some particular region (e.g., the West Coast with its Sierra Nevada and
Cascade Mountains).  These models are able to represent important processes and mountain ranges
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on finer scales than do global climate models.  These small scale simulations however, have not
been as well-tested as global models and are very computer intensive.  It has not yet been possible to
apply the techniques nationally or for the entire 20th or 21st centuries.  With the rapid advances in
computing power expected in the future, this approach should become more feasible for future
assessments.  To overcome the computational limitations of mesoscale models, some of the
Assessment Teams developed and tested empirically based statistical techniques to estimate changes
at finer scales than the global climate models, and these efforts are discussed in the various regional
assessment reports.  These techniques have the important advantage of being based on observed
weather and climate relationships, but have the shortcoming of assuming that the relationships
prevailing today will not change in the future.

Another type of tool developed for use in the sensitivity analyses were statistical models and weather
generators used to calculate probabilities of unusual weather and climate events.  These models
enabled impact analysts to compose “what if” questions for strings of weather and climate events
that could be important to their specific sector or region.  Other approaches focused on using a
variety of other types of observational data.

Evaluation of the Models

Among the tests that have been used to evaluate the skill of climate models have been evaluations of
climate model output to simulate present weather and climate, the cycle of the seasons, climatic
variations over the past 20 years (the time period when the most complete data sets are available),
climatic changes over the past 100 to 150 years during which the world has warmed, and climatic
conditions for periods in the geological past when the climate was quite different than at present.

There are so many kinds of evaluations that can be made it is not possible to provide one test to
ascertain the appropriateness of any model for climate impact assessments.  For example, models
may be expected to reproduce the past climate for hemispheric and global averages on century time-
scales because much of the climate noise due to seasonal to inter-annual climate variability tends to
be less important.   This includes many of the important climate oscillations such as the El Nino, the
North Atlantic Oscillation, the Pacific Decadal Oscillation, and others.  Because models generally
replicate the chaotic behavior of the natural climate, the climate models simulate their own year-by-
year climates and they will not produce the precise timing of these events to match the observations. 
On the other hand, the climate models may be expected to reproduce the statistical distribution of
these events.  So, to compare models to observations it is important to be able to average out these
natural variations that can have very large impacts for given regions in specific years.  For this
reason in the National Assessment comparisons of the model simulations with observations on
regional and subregional levels were made by averaging over multiple decades or longer. 

In conducting climate model evaluations it is tempting to prefer those models where the simulations 
most closely match the observations, but several complications must be accounted for in such
intercomparisons.  First, there are inherent errors and biases in our observational data.  Models, even
if they are provided perfect forcing scenarios and had perfect chemistry, physics and biology, should
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not be expected to perfectly match imperfect observations.  By cross comparing observations from
differing data sets and observing systems we can roughly estimated some of the observational errors
and biases.  Second, because of the chaotic nature of the climate, we cannot expect to match the
year-by-year or decade-by-decade fluctuations in temperature that have been observed during the
20th century.  Third, the particular model simulations used in the National Assessment did not
include consideration of all of the effects of human-induced and naturally-induced changes that are
likely to have influenced the climate, including changes in stratospheric and tropospheric ozone,
volcanic eruptions, solar variability, and changes in land cover (and associated changes relating to
biomass burning, dust generation, etc.).  Finally, while it is desirable for model simulations not to
have significant biases in representing the present climate, having a model that more accurately
reproduces the present and past climate does not necessarily mean that projections of changes in
climate developed using such a model would provide more accurate projections of climate change
than models that do not give as accurate simulations. This can be the case for at least two reasons. 
First, what matters most for simulation of changes in future climate is proper treatment of the
feedbacks that contribute to amplifying or limiting the changes, and accurate representation of the
20th century does not guarantee this will be the case. Second, because projected changes are
calculated by taking differences between perturbed and unperturbed cases, the effects of at least
some of the systematic biases present in a model simulation of the present climate can be eliminated. 
While potential nonlinearities and thresholds make it unlikely that all biases can be removed in this
manner, it is also possible that the projected changes calculated by such a model could turn out to be
more accurate than simulations with a model that provided a better match to the 20th century climate.

Recognizing these many limitations, evaluation of the simulations from the Canadian and Hadley
models are briefly summarized here to give an indication of the kinds of tests climate scientists have
completed to assess the general adequacy of the models for use in assessing the impacts of climate
change and variability.  As depicted in Figure 2 both primary models capture the rise in global
temperature since the late 1970s, but do not do as well in reproducing decadal variations.  The
question of how these two models compare to other climate models, several of which were not
available at the time of the National Assessment, is addressed in Figure 3.  Note that the scaling
factor required to match in the increase in temperature during the 20th century for all models is close
to one, except for the Canadian Climate Model which is somewhat less than one, reflecting the
relatively high sensitivity of this model to increases in greenhouse gases, although the scaling factor
in a later version of the model (CGCM2 in Figure 3) is closer to one.  It is also noteworthy that the
later version of the Hadley Centre Model very closely reproduces the rate of 20th century warming
when a more complete set of forcings, indirect sulfate forcing and tropospheric ozone, is added to
the model. Another test of a model’s ability to reproduce 20th Century global temperatures is to
compare the annual temperatures generated by the models with the observations.   To assess relative
skill, errors can be compared to projections based on temperature persistence.  That is, always
predicting the annual mean temperature to be equal to the longer term mean over the length of the
averaging period centered on either side of the prediction year.  Figure 4 shows some results of such
a test for averaging periods from 10 to 50 years.  This is a difficult test for a model to show skill
because the persistence forecast actually includes information about the annual mean temperature
both before and after the “prediction year.”  In all cases the model simulations have smaller errors
than the persistence based projection, indicating significant skill.
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So, analyses at the global scale for the two primary models used in the National Assessment indicate
that there is general agreement with the observed long-term trend in temperature over the 20th

century, but the Canadian Climate Model is significantly more sensitive to greenhouse gases
compared to the Hadley Centre Model, and may be thought of as the “hotter” of the two models. 
This higher climate sensitivity of the Canadian model may be due to projection an earlier melting of
the Arctic sea ice than the Hadley model.  It is not yet clear how rapidly this melting may take place. 

The question as to whether the Canadian Climate Model is an outlier can be addressed in Figure 5
where the global warming rate has been plotted for various models with similar forcings of
greenhouse gases and sulfate aerosols.  The Canadian Climate Model is seen to have a relatively
high sensitivity to increases in greenhouse gases compared to other models, but its sensitivity is
quite comparable to a model not used in the National Assessment, NOAA’s Geophysical Fluid
Dynamics Laboratory R15 model. So, although the Canadian model does appear to be one of the
more sensitive models to increases in greenhouse gases, it is not an outlier.   By comparison the
Hadley Centre model appears to have moderate sensitivity to increases in greenhouse gases. 

The National Assessment was not performed on global space scales, so it is important to understand
the differences between model simulations and observations on regional scales. As part of a long-
term Climate Model Intercomparison Project (CMIP2), Dr. Benjamin Santer of the Lawrence
Livermore National Laboratory has recently compared results from a number of climate models
related to their ability to reproduce the annual mean precipitation and the annual cycle of
precipitation across North America.  The results of this study, which included the two primary
models used in the National Assessment, are depicted in Figures 6 and 7.  The figure shows the
correlation between the patterns of the model output and the observations (the y-axis) along with a
measure of the differences in actual precipitation (the x-axis).  If there were no errors in our
observing capability, a perfect model would reproduce the observations exactly and have perfect
correlation with the observations, the difference between any observed model grid point and
observational grid point would be zero, and it would appear as a point in the far upper left corner of
the plot.  By comparing two different observational data sets we can get an estimate of the errors in
the observations and this has been done in Figures 6 and 7 by comparing two different 20-year
climatologies over North America by two different research groups.  So, no model should be
expected to be in the quadrant of the diagram to the upper left of the less than perfect observational
data sets.  It is clear in Figures 6 and 7 that the Hadley Centre model used in the National
Assessment reproduces the observations better than all other models, while the Canadian Climate
Centre Model does not do as well, but is by no means an outlier. 

Although the changes in global scale features and the regional simulations of precipitation of the two
primary models are seen to be rather typical of other models, there are important issues on regional
scales that suggest that significant uncertainties remain in our ability to effectively use these models
for impact assessments.  For example, problems with the way these climate models simulate ENSO
variability suggest that the projected pattern of changes may not be definitive.  Also, as illustrated by
the different projections of changes in summer precipitation used in the National Assessment in the
Southeast, there are often several processes that can contribute to the pattern of change.  The same
process can lead to different projections of changes when imposed on a slightly different base state
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of the climate.  For example, the proportion of the oceans that are frozen versus liquid, the amount
of snow cover extent, the dryness of the ground surface, the strength of North Atlantic deep water
circulation, etc., all can play important roles.  In addition, the different representations of land
surface processes, clouds, sea-ice dynamics, horizontal and vertical resolution, as well as many other
factors included in different climate models, can have an important impact on projections of changes
in regional precipitation.  This dependence occurs because precipitation, unlike atmospheric
dynamics, is a highly regionalized feature of the climate, depending on the interaction of many
processes, many of which require a set of model parameterizations.  Given these many limitations, in
the National Assessment the  model simulations were viewed as projections not as predictions. 
Specifically,  as an internally consistent scenario of climatic changes that might occur over the 21st

century. 

How Were the Model Projections Used?

They model projections were used as indications of the types of consequences that might result.  For
example, as evident in Figure 2, although the emissions scenarios are the same for the Canadian and
Hadley simulations, the Canadian model scenario projects more rapid global warming than does the
Hadley model scenario.  This greater warming in the Canadian model scenario occurs in part
because the Hadley model scenario projects a wetter climate at both the national and global scales,
and in part because the Canadian model scenario projects a more rapid melting of Arctic sea ice than
the Hadley model scenario. 

In general, virtually all climate models, with the exception of the Hadley Climate model, project
greater warming over the US than for the globe as a whole.  The variation of results among models
is also greater for the US than for the globe.  It is especially interesting that the projected warming
due to changes in greenhouse gas concentrations is very rapid after the mid-1970s, when much of the
recent warming began.  As an indication of how the sequential improvement of models may change
the results, it is instructive to compare the results from the Hadley Centre Version 2 climate model
used in the National Assessment, with the results from the Hadley Centre Version 3 climate model
that was not available in time for full use in the National Assessment.  It is noteworthy that the more
recent Hadley model results suggest significantly more warming over the US than the Hadley model
used in the National Assessment, more in line with the projections from the Canadian model used in
the Assessment.  

Recognizing that all model results are plausible projections rather than specific quantitative
predictions, the consistency of the temperature projections of the primary models used for the
National Assessment were assessed in a broader context.  Figure 8 illustrates how this strategy was
used.  It is apparent that virtually all models consistently show a much greater than the global
average warming over the US during winter and a greater than average warming during summer,
except for Alaska.  So, in the National Assessment all the scenarios of temperature change related to
increased temperatures and the increases were often as larger or larger than the global mean
temperature increase. 
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Although there are many similarities in the projected changes of temperature among the many
climate models considered by the IPCC (Figure 8), this is not true of precipitation changes.  In the
National Assessment the Hadley Centre model often projected significantly wetter conditions
compared to the Canadian model, but this variation is typical of our present state of understanding as
depicted in Figure 9. Only during winter is there a consistent pattern of a small increase of
precipitation among most of the climate models; by contrast during summer there is not much
agreement about the sign or magnitude of the precipitation change, except for a general tendency for
more precipitation in the high latitudes of North America.  The inconsistencies among all the models
with respect to summertime mid-latitude North American precipitation (Figure 9) were reflected in
the two scenarios used in the National Assessment, ensuring consideration of a range of possible
outcomes.  To address this range of possible outcomes a number of  “what if” scenarios were
developed and used in the National Assessment.  For example, in the West, although both models in
the National Assessment projected precipitation increases, a “what-if” scenario of less precipitation
was used to broaden the assessment of possible  climate impacts, vulnerabilities, and adaptation
measures.

Interestingly, despite the fact that the global climate models do not agree well on the sign of summer
precipitation changes, virtually all climate models indicate that as greenhouse gases increase more
intense precipitation events will occur over many areas.  Indeed, observations reflect this today in
many mid and high latitude land areas where data are available for such an assessment. For these
reasons and the fact an increase in precipitation intensity can effectively be argued from simple
thermodynamic considerations, this attribute of precipitation change was an important scenario
considered by the sectorial and regional impact and adaptation assessments. 
 
It should also be noted in the National Assessment, due to the nature of the differences among
various models, wherever feasible other model simulations were used to assess possible impacts.  A
particularly noteworthy example comes from the Great Lakes Region. Results from ten models were
used to simulate changes in Great Lake levels during the 21st century.  All but one of the models
suggested lower Lake levels.  So a combination of the primary models, other climate models, and
observations were instrumental in identifying key climate impacts and vulnerabilities for the 21st

Century. 

Future Assessments

To build confidence in the projections used for future climate assessments, much remains to be
done.  Further improvements in climate models are needed, especially in the representations of
clouds, aerosols (and their interactions with clouds), sea ice, hydrology, ocean currents, regional
orography, and land surface characteristics.  Improving projections of the potential changes in
atmospheric concentrations of greenhouse gases, aerosols and land use is important.  Climate model
simulations based on these revised emissions forecasts should provide improved sets of information
for assessing climate impacts.  In addition to having results from more models available, ensembles
of simulations from several model runs are needed so that the statistical significance of the
projections can be more fully examined.  As part of these efforts, it is important to develop greater
understanding of how the climate system works (e.g., of the role of atmosphere-ocean interactions
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and cloud feedbacks), to refine model resolution, to more completely incorporate existing
understanding of particular processes into climate models, to more thoroughly test model
improvements, and to augment computational and personnel resources in order to conduct and more
fully analyze a wider variety of model simulations, including mesoscale modeling studies.

While much remains to be done that will take time, much can also be done in the next few years that
can substantially improve the set of products and tools available to assess climate impacts.  For
example, an intensified analysis program is needed to provide greater understanding of the changes
and the reasons why they occur.  New efforts to incorporate the interactive effects of changes in land
use and vegetation in meso-scale and global models will help in understanding local and regional
climate change and variability.  A better understanding of the changes in weather patterns and
extremes in relation to global changes is important. Improved efforts that combine analysis of the
model results with the insights available from analysis of historical climatology and past weather
patterns needs to be a priority.  Regional climate scenarios can also be developed using a
combination of climate model output and dynamical reasoning.  More use of mesoscale models are
important because they can provide higher resolution of spatial conditions. 

In the National Assessment, we were able to consider only one set of emission scenarios rather than
a range of emission scenarios.  For the future, the actual emissions of greenhouse gases and aerosols
could be different than the baseline used.  Changing the emissions scenario would give increasingly
divergent climate scenarios as the time horizon expanded.  This would likely become important
beyond the next few decades as different emission scenarios are not likely to significantly affect
climate scenarios because of the relatively slow response of the global climate and energy systems,
and because a large portion of the change will be due to past emissions.

As recently stated by the Assistant Secretary for Oceans and Atmosphere, Dr. Mahoney, the highest
and best use of the scientific information developed in the President’s Climate Change Research
Initiative (CCRI) as well as the ongoing United States Global Climate Research Program (USGCRP) 
could be the development of comparative information that will assist decision makers, stakeholders
and the general public in debating and selecting optimal strategies for mitigating global change,
while maintaining sound economic and energy security conditions in the United States and
throughout the world.  Significant progress in developing and applying science-based decision tools
during the next 1 to 3 years must be a key goal of the combined USGCRP and CCRI program. 
Examples of analyses expected to be completed during this time period that would improve our
nations ability to conduct a subsequent National Assessment include:

• Long-term global climate model projections (e.g., up to the year 2100) for a wide selection of
potential mitigation strategies, to evaluate the expected range of outcomes for the different
strategies.

• Detailed analyses of variations from defined “base” strategies, to investigate the importance
of specific factors, and to search for strategies with optimum effectiveness.

• Linked climate change and ecosystem change analyses for several suggested strategies, to
search for optimum benefits.
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• Detailed analyses of the outcomes that would be expected from application of a wide
selection of energy conservation technologies, and carbon sequestration strategies.

Summary

The National Assessment conducted from 1997-2000 was a first step.  It relied on a number of
techniques to develop climate scenarios for the 21st century including: historical data to examine the
continuation of trends or recurrence of past climatic extremes; climate model simulations to provide
plausible scenarios for how the future climate may change; and sensitivity analyses to explore the
resilience of societal and ecological systems to climatic fluctuations and change.  Numerous climate
models were used in the National Assessment, but the two primary models were selected on the
basis of a set of objective criteria.  Today, if the Assessment were repeated with the similar criteria,
results of several other models would be included.  

Intercomparison of the models used in the National Assessment with observations and other models
indicates that the two primary models used in the National Assessment reflect the present state of
scientific understanding.  This had important consequences.  For example, the amount of
summertime precipitation expected over much of the contiguous USA as the climate warmed was
quite uncertain and required use of several “what if” analyses to assess potential impacts.   Other
projected changes were more certain, like increased temperatures everywhere, during all seasons,
and impact analyses could  focus on the magnitude as opposed to the sign of projected change.    

The National Assessment provided useful information on the impact of climate variability and
change.  However, understanding of specific cause-effect relationships, and prioritization of the
most important relationships, is just beginning to emerge.   The climate-ecosystems questions
require continued scientific inquiry on both global and regional scales. 

Dr. Mahoney, the Assistant Secretary of Commerce for Oceans and Atmosphere,  in recent
testimony has articulated several key scientific uncertainties, some of them bear repeating.  The
following are illustrative of the continuing need for improved scientific understanding:
• The significant differences in long-term global average temperature changes projected by

various well-recognized climate models.
• The relative importance of various aerosols including: (1) carbon-based (black carbon)

aerosols, (2) sulfate-based aerosols (both direct and indirect effects) and (3) CO2 and other
greenhouse gases in influencing climate change.

• Major uncertainties in climate-ecosystems interactions, and land use/land cover influences on
climate.

• Uncertainties in understanding global water cycles, including the current inability of general
circulation models to successfully represent water vapor transport in the equatorial regions.

• Understanding the factors responsible for the poor regional agreement among global climate
models related to changes and variations in warm season precipitation.
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It is important to note an important recommendation in the National Research Council’s recent
analysis (2001) of some key questions related to Climate Change Science.  Specifically, that report
states that “the details of the regional and local climate change consequent to an overall level of
global climate change” is an issue that needs to be addressed.  The uncertainties that surfaced in
generating scenarios for the National Assessment was clearly in our minds when we made this
recommendation.   

Resolving these uncertainties will be essential to understanding the scope of any climate change
impact. Quite clearly, more needs to be done and such efforts will provide more effective decision
support tools to help frame adaptation and mitigation measures to avoid the potential risk and harm
of climate change and maximize its potential benefits.
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Figure 1 Global, annual-mean radiative forcings (Wm-2) due to a number of agents for the period
from pre-industrial (1750) to present (about 2000).  In the National Assessment forcings due to
greenhouse gases (the first column) and sulfate (the fourth column) were the only forcings used in
the emission scenario.  The height of the vertical bars represent the best estimate value, while its
absence denotes no best estimate is possible.  The vertical line about the rectangular bar with”x”
provides an estimate of the uncertainty range. (From IPCC, 2001) 
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Figure 2 Trends of global temperature from observations, the United Kingdom’s Hadley Center
Global Climate Model, and the Canadian Climate Center’s Global Climate Model.  Trends have
been smoothed to remove year-to-year high frequency variations.
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Figure 3 Estimates of the “scaling factors” by which the amplitude of several model-simulated
signals must be multiplied to reproduce the corresponding change in the observed record. The
vertical lines represent the 5-95% confidence interval due to internal natural variability. The models
used in the National Assessment were the HadCM2 with greenhouse gases and sulfur (GS) and the
CGCM1 with greenhouse gases and sulfur (GS).  Abbreviations: GS includes greenhouse and sulfate
forcing and GSIO includes also includes the indirect effect of sulfate aerosol forcing plus
tropospheric ozone forcing. See IPCC(2001) for details.
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Figure 4 A comparison of the ability of the Hadley Center and Canadian Climate Center coupled
global climate models used in the National Assessment to simulate the 20th century global climate
compared with using the mean temperature over various time segments to predict year-to-year
variations of global temperatures (persistence).  Standard errors less than persistence based on
observations reflect skillful simulations.
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Figure 5 The time evolution of the globally averaged temperature change (relative to 1961-90 mean
temperature) for various climate models forced with the emission scenarios used in the National
Assessment (see IPCC 2001 for details)
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Figure 6 Results of a coupled ocean-atmosphere global Climate Model Intercomparison Project
(CMIP) being conducted by the Lawrence Livermore National Laboratory.  This comparison relates
to the spatial distribution of annual precipitation across North America.  All models are compared to
the “Xie/Arkin” observational data set.  The difference between two differing observation-based data
sets reflect observational uncertainties, so we would not expect any model to skillfully exceed these
differences. All models are evaluated on the basis of pattern correlations with the observations and
the relative differences of annual precipitation integrated across all model grid points in North
America.  The Hadley Center climate model used in the National Assessment is shown with an “*”
and the Canadian Climate Center is shown with a “#” symbol.  
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Figure 8 Analysis of coupled ocean-atmosphere inter-model consistency in regional temperature
change based on much greater (40%) than average global warming, greater than average warming,
less than average warming, inconsistent rates of warming, or cooling for the 21st century based on
five model simulations (the Hadley and Canadian models used in the National Assessment and three
other models used in the IPCC (2001) assessment) with 21st century increases in both greenhouse
gases and sulfates (see IPCC 2001 for details). 
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Figure 9 Similar to Figure 8 except for precipitation and a large change represents a change in
excess of 20% and a small change is between 5 and 20% (see IPCC, 2001 for more details).
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